This study evaluated the effects of Bacillus subtilis CGMCC 1.921 supplementation on the production performance, cecal microbiota and mucosal transcriptome of laying hens by 16s rRNA gene sequencing and RNA-seq. A total of 144 27-week-old Hy-Line Brown laying hens were allocated into two treatments, namely, a basal diet without additions (T0) and the basal diet supplemented with 1.0 × 10 8 cfu/g (T1) B. subtilis CGMCC 1.921, with six replicates of 12 birds in each for 24 weeks. The results showed that T1 significantly decreased feed:egg ratio compared with T0 (P < 0.05). Dietary supplementation with B. subtilis CGMCC 1.921 increased the Shannon index (P < 0.05) which indicated enhanced diversity of cecal microflora. An increasing trend in Observed species index (P = 0.072) was observed in hens fed with diets supplemented with B. subtilis CGMCC 1.921 that showed a higher species richness. And T1 modulated cecal microbiota by increasing the relative proportion of Alistipes, Subdoligranulum, Ruminococcaceae UCG-014, Anaerotruncus, Ruminiclostridium 5, Ruminococcaceae UCG-010, Erysipelatoclostridium, Ruminococcaceae UCG-009, Family XIII AD3011 group, Bacillus, Faecalicoccus, Firmicutes bacterium CAG822, Oxalobacter, and Dielma at genus level (P < 0.05). In addition, there was a tendency of increase in the relative abundance of Lactobacillus (P = 0.055), Anaerobiospirillum (P = 0.059) and Family XIII UCG-001 (P = 0.054), Peptococcus (P = 0.078), and Ruminococcaceae UCG-004 (P = 0.078). Moreover, heatmap analysis indicated that the abundance of Campylobacter and Clostridium sensu stricto 1 was lower than T0. A total of 942 genes were identified by differential expression analysis, among which 400 genes were upregulated and 542 genes were downregulated. Bioinformatics analysis suggested that the upregulated genes were involved in Peroxisome Proliferator Activated Receptor (PPAR) signaling pathway, starch and sucrose metabolism, glycine/serine/threonine metabolism, and galactose metabolism, which may promote nutrient absorption. This study provided novel insights into the probiotic mechanisms of B. subtilis on laying hens.
INTRODUCTION
Antibiotics supplementation in diets of laying hens is prohibited due to the infiltration of antibiotic residues in poultry production and the development of resistant bacterial populations. However, the enlargement of the production scale and the increase of stocking density increase animal susceptibility to infectious diseases. Thus, safe and effective feed additives are needed to alleviate growth performance impairment induced by diseases and farm environment stress. Dersjant- Li et al. (2013) reported that direct-fed microbial treatment containing a three-strain combination of Bacillus spp. may be used as an alternative to antibiotic growth promoters in large-scale broiler production because this treatment C 2018 Poultry Science Association Inc. Received November 21, 2017. Accepted March 9, 2018. 1 Corresponding author: xiaofangd1124@sina.com increases live body weight and lowers feed conversion ratio compared with bacitracin methylene disalicylate treatment. Furthermore, Musa et al. (2009) conjectured that probiotics exert beneficial effects on animal production.
Probiotics are live microorganisms that confer health benefits on the host (Sanders, 2008) by enhancing intestinal epithelial barrier function (Ukena et al., 2007; Yan et al., 2007) , protecting against physiologic stress (Bai et al., 2016) , suppressing pathogens via the production of antibacterial compounds and/or competition for nutrients or adhesion sites (Fuller, 1989; Burton et al., 2013) , and stimulating immunity (Thomas et al., 2012; Van Baarlen et al., 2013; Vlasova et al., 2016) . These microorganisms improve growth performance (Lan et al., 2016) , regulate gut microbiota (Choi et al., 2016) , and strengthen disease resistance (Lin et al., 2017) . Bacillus spp. is probiotics used as animal feed supplements because of their incredible longevity of spores and resistance to environmental stress 2543 (Nicholson et al., 2000) . Besides, the ability to produce carbohydrases, proteases, and lipase (Priest, 1977) was probably related to the increase of nutrient utilization (Murugesan et al., 2014) , and therefore improve growth performance (Zokaeifar et al., 2012; Lei et al., 2014) . Yang et al. (2016) reported that Bacillus subtilis alters cecal bacterial composition by increasing the numbers of Lactobacillus and Bifidobacterium and decreasing the numbers of Escherichia coli and Salmonella. Lower harmful bacteria concentration is well described as a growth-promoting factor, because it reduced nutrient competition between the host and microorganisms (Kamada et al., 2013) . Therefore, the increase of beneficial bacteria and the decrease of pathogenic bacteria may improve host health, and then affect production parameters.
The gastrointestinal tract plays an important role in nutrition absorption, immune response, and pathogen prevention. The intestinal microbiota could ferment insoluble fibers to physiologically active by-products (Trompette et al., 2014) , affect the host's physiology and metabolism (Delzenne et al., 2011) , and protect it against pathogen colonization (Kamada et al., 2013) . Intestinal mucosa is also the target tissue for these functions. However, most previous studies only evaluated the mRNA expression of several genes in relation to intestinal ultrastructure or immunity. Therefore, this study investigated the effects of B. subtilis CGMCC 1.921 on the production performance, cecal microflora and mucosal gene expression of laying hens. This study also attempts to elucidate the possible mechanism by which B. subtilis enhances production performance.
MATERIAL AND METHODS

Animals, Management and Diets
All the ethical protocols were approved by the Beijing Administration Office of Laboratory Animals. A total of 144 27-week-old healthy Hy-Line Brown laying hens (body weight 1.64-1.70 kg) were randomly allocated into 2 treatments with 6 replicates of 12 birds in each replicate for 24 weeks. Each replicate consisted of 2 adjacent cages (80 cm × 60 cm × 50 cm; length × width × height) with 6 hens per cage. A 16-h photoperiod was maintained throughout the experimental period. Water and feed were provided ad libitum. Temperature was maintained at 22 ± 3
• C. No challenges were introduced for all hens during the entire experimental period. All hens were fed a basal diet for 3 weeks before the formal experiment. The corn-soybean meal basal diet for the hens was formulated to meet the National Research Council (NRC, 1994) recommended requirements. Experimental treatments included the basal diet (Table 1) without additions (T0) as well as the basal diet supplemented with 1.0 × 10 8 colony-forming unit (cfu)/g B. subtilis CGMCC 1.921 (T1). The B. subtilis CGMCC 1.921 supplement was previously determined to contain 1.0 × 10 10 cfu/g powder. B. subtilis CGMCC 
Production Performance
Egg numbers and egg weight per pen were recorded daily. The weight of feed consumption per pen was recorded weekly. Feed egg ratio was calculated as grams of total feed consumption per pen/grams of total egg mass per pen.
Sample Collection
At the end of experiment, one hen per replicate was randomly selected and slaughtered by cervical dislocation followed by exsanguination for cecal digesta collection. Caeca were ligated with light twine, removed, and then placed in sterile freezing tubes on ice. Cecal digesta of each replicate was collected under sterile laboratory conditions and immediately stored in liquid nitrogen until further analysis.
Samples were collected from the middle segment of the ileum and the intestinal mucosa by scraping with the back of a surgery knife aseptically. The collected samples were transferred to sterilized freezing tubes and then stored in liquid nitrogen for further analyses.
DNA Extraction and PCR Amplification of Cecal Digesta
Genomic DNA was extracted from cecal digesta samples using the MoBio Power Soil DNA Isolation Kit (MoBio, Solana Beach, CA) in accordance with the manufacturer's instruction. The quality of extracted DNA was measured by 1% agarose gel electrophoresis and spectrophotometry (Nanodrop 2000, Wilmington, DE, USA) (OD260/OD280 = 1.82-1.86).
The V3-V4 region of bacterial 16S rRNA gene was amplified using primer 338F (5 -ACT CCT ACG GGA GGC AGC AG-3 ) and 806R (5 -GGA CTA CHV GGG TWT CTA AT-3 ). A 30 ng template DNA was used for a 50 μL PCR reaction with 5 min denaturation at 95
• C, 25 cycles at 95
• C for 30 s, 56
• C for 30 s, and 72
• C for 40 s, with a final extension of 72 • C for 10 min. The PCR reaction performed in triplicate comprised the following: 2 μL of forward primer (10 μM), 2 μL of reverse primer (10 μM), 5 μL of 10× Pyrobest Buffer, 4 μL of dNTPs (2.5 mM), 0.3 μL of Pyrobest DNA Polymerase (2.5 U/μL, TaKaRa Code: DR005A), 36.7 μL of ddH 2 O. The quality of 16S V3-V4 amplification products was measured by 2% agarose gel electrophoresis.
MiSeq High-Throughput Sequencing and Analysis
The V3-V4 hypervariable region of the 16S rRNA gene was subjected to high-throughput sequencing using the Illumina Miseq PE 300 sequencing platform (Illumina, San Diego, CA). All procedures were conducted by Beijing Allwegene Technology Co., Ltd. (Beijing, China) in accordance with the manufacturer's protocols (Illumina). Trimmomatic was used to trim bases at the end. Low-quality bases (quality score < 20) were removed from the end with a sliding window (50 bp). The paired-end reads were merged using FLASH (version 1.2.10) if overlap sequences were longer than 10 bp. Chimera was removed with Usearch (version 8.1.1861). The unique sequence set was classified into operational taxonomic units (OTU) at 97% identity. Taxa were classified at the phylum, family, and genus levels according to OTU sequences with RDP Classifier. The taxonomy of each 16S rRNA gene sequence was analyzed by UCLUST (version 1.2.22) against the Silva119 16S rRNA database using a confidence threshold of 90%. Alpha diversity (α-diversity) analysis was performed by QIIME (version v.1.8) using the OTU table to determine the diversity of the cecal microbial community. Diversity indices (Shannon, pD whole tree) and species richness estimators (Chao1, Observed species) were calculated.
Total RNA Extraction of Ileum Mucosa
The mucosa of selected hens was separately stored in liquid nitrogen. Furthermore, equal amounts of RNA of mucosa samples from the ilea of three hens were pooled as a biological replicate. Total RNA of mucosa was isolated with TRIZOL reagent (Invitrogen) in accordance with the manufacturer's instructions. The concentration and integrity of the total RNA were measured using Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). Seven was the threshold RNA Integrity Number (RIN) score for cDNA library construction.
Transcriptome Sequencing and Analysis
RNA samples were subjected to cDNA library construction and then high-throughput sequencing using the Illumina HiSeqTM 4000 sequencing platform (Illumina). All procedures were conducted by Beijing Allwegene Technology Co., Ltd. in accordance with the manufacturer's protocols (Illumina).
Raw reads were recorded in a FASTQ file, which contains sequence information (reads) and corresponding sequencing quality information. Low-quality reads were removed to obtain high-quality clean reads for downstream analyses. Trimmomatic (v 0.33) was used to trim reads containing adaptor. Reads with uncertain nucleotides (N > 10%) were removed. Reads with more than fifty percent low-quality nucleotides (Phred quality score < 20) were discarded.
Differentially expressed genes (DEG) between the control (T0) and treatment groups (T1) were identified using DESeq software. Genes with a P-value of less than 0.05 (i.e., P < 0.05) and fold-change (T1/T0) ≥ 1.5 or ≤ 0.67 were considered significant. DEGs were classified into the categories of molecular function, cellular component, and biological process using gene ontology annotation. The metabolic pathways of the DEGs were predicted using the Kyoto Encyclopedia of Genes and Genomes (KEGG). To identify potential common pathways, DEGs were analyzed for biological process and pathway enrichment using DAVID. Pathway enrichment analysis was performed to identify significantly enriched metabolic pathways or signal transduction pathways using the corrected P-value < 0.05 as a threshold of significance.
Statistical Analysis
Data were analyzed by SPSS 17.0 software for Windows (SPSS Inc., Chicago, IL). Analysis of variance was conducted using one-way ANOVA. Statistically significant effects were further analyzed and means were compared using Duncan's multiple range test. The results were expressed as mean ± SEM. The level of statistical significance was deemed to P < 0.05.
RESULTS
Production Performance
Traits related to the production performance of laying hens over the entire experimental period were measured. No significant differences in egg production, feed intake, egg weight, and mortality were found between the two groups (P > 0.05). However, T1 decreased feed:egg ratio (Weeks 9 to 16, 17 to 24, 1 to 24) compared with T0 (P < 0.05) ( Table 2) . 
Bacterial Diversities and Community Compositions
Operational taxonomic units were analyzed for each sample at 97% identity. We obtained 543 and 579 OTUs from T0 and T1, respectively, with 526 shared OTUs between the two groups ( Figure 1 ). Analysis of variance showed 43 differentially abundant OTUs (Supplemental Table S1) (P < 0.05) between T0 and T1. The alpha diversity indices of cecal ecosystems are shown in Table 3 . No differences (P > 0.05) in the Chao1 index and the pD whole tree index were found between the two groups. However, the Shannon index was higher (P < 0.05) in T1 than in T0. Furthermore, an increasing trend in Observed species index (P = 0.07) was observed in T1 compared with T0. In this study, we found 14 prokaryotic phyla in the cecal content of laying hens. In addition, analysis of the cecal microbiota composition at the phylum level indicated that Bacteroidetes (56.91%-59.53%) and Firmicutes (37.04-35.87%) dominated the core microbiota of the laying hens. However, no significant difference in the relative abundance of Bacteroidetes and Firmicutes was found between T0 and T1 (P > 0.05). The relative abundance of Tenericutes in T1 (0.37%) was higher (P < 0.05) than that in T0 (0.055%). Furthermore, a decreasing trend (P = 0.08) in the relative abundance of Fusobacteria (1.48-0.17%) was observed in T1 compared with T0 ( Figure 2 and Supplemental Table S2 ).
Changes in cecal microbiota composition at the family level were observed in T1 relative to T0. In T0, the most abundant family was Bacteroidaceae (26.72%), followed by Lachnospiraceae (14.25%), Rikenellaceae (11.83%), Ruminococcaceae (7.29%), Veillonellaceae (6.99%), Prevotellaceae (4.99%), and Acidaminococcaceae (3.16%). Bacteroidaceae (31.78%) was also the predominant family in group T1, followed by Lachnospiraceae (13.25%), Rikenellaceae (11.79%), Ruminococcaceae (10.17%), Lactobacillaceae (4.94%), Prevotellaceae (4.36%), and Porphyromonadaceae (2.80%). Within the phylum Firmicutes, the relative abundance of Peptococcaceae (0.12-0.31%), Erysipelotrichaceae (0.083-0.89%), Family XIII (0.087 to 0.18%), Bacillaceae (0.0033-0.060%), and Firmicutes bacterium CAG822 (0.0033-0.036%) significantly increased in T1 (P < 0.05) relative to T0. Moreover, there was a tendency of increase in the relative abundance of Ruminococcaceae (7.29-10.17%) (P = 0.08) and Lactobacillaceae (2.12-4.94%) (P = 0.06) within the phylum Firmicutes. The family Oxalobacteraceae (0.0011-0.0099%) within the phylum Proteobacteria significantly increased in T1 (P < 0.05) relative to T0. Within the phylum Firmicutes, the relative abundance of Veillonellaceae (6.99-1.71%) and Acidaminococcaceae (3.16-1.60%) slightly declined in T1 relative to T0. Among members of the phylum Bacteroidetes, the relative abundance of Bacteroidaleae (26.72-31.78%) and Porphyromonadaceae (1.89-2.80%) slightly increased in T1 relative to T0 (Figure 3 and Supplemental Table S3 ). Analysis of cecal microbiota composition at the genus level indicated detailed difference between T0 and T1 (Figure 4 and Supplemental Table S4 ). The Within the phylum Proteobacteria, T1 increased (P < 0.05) the relative abundance of Oxalobacter (0.0011-0.0099%). In addition, an increasing trend in the relative abundance of Lactobacillus (2.12-4.94%) (P = 0.06), Ruminococcaceae NK4A214 group (0.18-0.30%) (P = 0.08), Peptococcus (0.098-0.25%) (P = 0.08), Ruminococcaceae UCG-004 (0.071-0.13%) (P = 0.08), and Family XIII UCG 001 (0.015-0.027%) (P = 0.05) of the phylum Firmicutes was observed in T1. Similarly, there was a tendency of increase in the relative abundance of Anaerobiospirillum (0-0.013%) (P = 0.06) within the phylum Proteobacteria.
Heatmap of taxonomic composition at the genus level is presented in Figure 5 . The relative abundance of Alistipes, Subdoligranulum, Ruminococcaceae UCG-014, Anaerotruncus, Ruminiclostridium 5, Ruminococcaceae UCG-010, Erysipelatoclostridium, Ruminococcaceae UCG-009, and Bacillus was higher in T1 than in T0. Similarly, the relative abundance of Lactobacillus, Ruminococcaceae NK4A214 group, Peptococcus, and Ruminococcaceae UCG-004 was higher in T1 than in T0. T1 decreased the relative abundance of Campylobacter and Clostridium sensu stricto 1.
Gene Differential Expression Analysis
DESeq software was used for subsequent differential analysis. In total, 942 DEGs were found at a fold-change ≥ 1.5 or ≤ 0.67 and q < 0.05 in response to hens fed with B. subtilis CGMCC 1.921. Of these genes, 400 were upregulated and 542 were downregulated ( Figure 6 ). The DEGs associated with carbohydrate metabolism, protein and amino acid metabolism are listed in Tables 4  and 5 .
Gene Ontology Annotations and Pathway Analysis of DEGs
Gene ontology was used to evaluate the function of the DEGs between the two groups. All DEGs were analyzed by gene ontology terms through the DAVID platform. Genes in the biological process category participate in oxidation-reduction process, cholesterol efflux, positive regulation of cell-matrix adhesion, cell adhesion, response to glucose, negative regulation of macrophage differentiation, negative regulation of angiogenesis, protein heterotrimerization, long-chain fatty acid import, oligodendrocyte differentiation, glucose transport, excretion, tissue development, cellular response to amino acid stimulus, lateral ventricle development, adenylate cyclase-activating adrenergic receptor signaling pathway, negative regulation of endothelial cell proliferation, sex differentiation, positive regulation of gene expression, lung alveolus development, and positive regulation of angiogenesis. Genes in the cellular component participate in apical plasma membrane, extracellular space, proteinaceous extracellular matrix, sarcolemma, extracellular exosome, brush border, stress fiber, integral component of membrane, cell surface, focal adhesion, cell, Z disc, extracellular matrix, peroxisome, integral component of plasma membrane, extracellular region, brush border membrane, receptor complex, sarcoglycan complex, basement membrane, and organelle membrane. Genes in the (Figure 7 ). To understand their functions, the DEGs were mapped using the KEGG database for analysis of signaling pathways with KOBAS 2.0 (KO Based Annotation System). The KEGG analysis revealed 11 most abundant differentially expressed signaling pathways. These genes are involved in multiple biological processes including peroxisome, Peroxisome Proliferator Activated Receptor (PPAR) signaling pathway, starch and sucrose metabolism, metabolism of xenobiotics by cytochrome P450, pentose and glucuronate interconversions, drug metabolism-cytochrome P450, retinol metabolism, primary bile acid biosynthesis, glycine/serine/threonine metabolism, galactose metabolism, and vascular smooth muscle contraction (Table 6) .
DISCUSSION
No significant difference in egg production was found between the two treatments throughout the (Abdelqader et al., 2013) . Xu et al. (2006) also demonstrated that 25-wk-old Lohmann Brown layers fed with diet supplemented with 500 mg of B. subtilis culture/kg show improvement in egg production and feed conversion. Hatab et al. (2016) reported that layers fed with diets supplemented with B. subtilis and Enterococcus faecium have increased daily weight gain and feed efficiency. Bai et al. (2017) demonstrated that including B. subtilis fmbJ in diets of broilers significantly improves growth performance. However, Mahdavi et al. (2005) found that dietary supplementation with probiotics (B. subtilis (CH201) and B. licheniformis (CH200)) (1.28 × 10 6 , 3.2 × 10 6 , and 4.6 × 10 6 cfu/g) does not significantly influence the growth performance of white leghorn hens. The difference in performance among various studies may be attributed to the difference in strains, physical states, supplement concentrations, trial periods, or environment used. Another study revealed that the efficacy of B. subtilis may be an outcome of improving gut ecosystem (Mountzouris et al., 2010) . Dietary supplementation of probiotics promotes the growth of beneficial bacteria, which can help to improve the feed efficiency.
In the present study, an increasing trend in Observed species index was observed in the hens fed with diets supplemented with B. subtilis CGMCC 1.921, which indicated higher species richness. Moreover, microbial diversity was increased in the laying hens fed with diets supplemented with B. subtilis CGMCC 1.921. Diversity is important in all ecosystems to promote stability and performance. According to Kitano and Oda (2006) , the host should be able to harbor a broad range of bacteria to enable its flora to cope with environmental perturbations. Thus, reduced microbial diversity could be associated with reduced competitive defense against pathogens. In addition, Hansen et al. (2010) reported that microbial diversity is decreased in interleukin-10 deficient mice. This result implies that microbial diversity plays a major role in maintaining the normal physiological functions and health of the host.
Probiotic can modify the composition of cecal microflora (Yang et al., 2016) . In our study, supplementation with B. subtilis CGMCC 1.921 modulated cecal microbiota composition at different taxonomic levels. No significant difference in the relative proportion of phylum Bacteroidetes and Firmicutes was found in the cecal microbiota of the laying hens from the two groups. However, the relative abundance of Tenericutes significantly increased and the relative abundance of Fusobacteria decreased after diet supplementation with B. subtilis CGMCC 1.921. demonstrated that B. subtilis CGMCC 1.1086 increases the relative proportion of phylum Bacteroidetes and Proteobacteria but decreases the proportion of phylum Firmicutes in the cecal microbiota of broilers. The types and numbers of the intestinal microbiota are affected by many factors, such as individual, animal age, environment, or diet (Gabriel et al., 2006) . Kostic et al. (2012) found that the relative abundance of Fusobacteria is highly enriched in the population of tumor versus normal samples. In addition, Koren et al. (2011) reported that some members of Fusobacteria are positively correlated with low-density lipoprotein cholesterol and total cholesterol. Thus, we speculated that reduced Fusobacteria exerts a beneficial effect on the host.
Supplementation with B. subtilis CGMCC 1.921 obviously increased the relative abundance of Alistipes within Bacteroidetes. Alistipes could produce fibrinolysin, digest gelatin, and ferment carbohydrate to produce succinic acid together with small amounts of acetic acid, isobutyric, isovaleric and propionic acid (Rautio et al., 2003 fatty acids, such as acetate and butyrate (Zhang et al., 2015) , which provide energy to allow host epithelial cell growth (Hamer et al., 2008) , improve intestinal defense mediated by epithelial cells (Fukuda et al., 2011) , and inhibit inflammatory responses (Segain et al., 2000) . As expected in probiotics, Anaerotruncus can produce butyrate and form spore (Polansky et al., 2016) . Sheng et al. (2016) indicated that Ruminiclostridium could effectively utilize cellulose and raw lignocellulose feedstocks to improve the digestibility of feed nutrition. Meanwhile, Pozuelo et al. (2015) found that higher proportion of Erysipelotrichaceae in healthy controls than in patients with irritable bowel syndrome. A reduction in the population of Erysipelotrichaceae decreases the availability of butyrate and therefore increases epithelial permeability. Yutin and Galperin (2013) assigned Clostridium ramosum which clearly falls outside the family Clostridiaceae to the genus Erysipelatoclostridium in the family Erysipelotrichaceae. In addition, the presence of Clostridium ramosum was associated with the upregulation of small intestinal glucose transporters and fat transporters and the improvement of feed efficiency (Woting et al., 2014) . Therefore, the high relative abundance of Erysipelatoclostridium in the present study may play a certain function in decreasing feed:egg ratio after supplementing the diet with B. subtilis CGMCC 1.921. Faecalicoccus belongs to the family Erysipelotrichaceae (Ricaboni et al., 2017) . De et al. (2014) found two Faecalicoccus strains isolated from the cecal content of a chicken, which could produce butyric, lactic, and formic acids as major metabolic end products that play important roles in gut physiology. The type genus of family Peptococcaceae is Peptococcus (Rogosa, 1971) . Uric aciddegradative bacteria such as Peptococcus (Barnes and Impey, 1972) may promote the reabsorption of nitrogen and therefore improve nitrogen utilization. Oxalobacter is a genus within the family Oxalobacteraceae (Baldani et al., 2014) . Knight et al. (2013) reported that the lack of colonization by this genus is a risk factor for the development of calcium oxalate disease. Therefore, the presence of Oxalobacter decreases the formation of calcium oxalate, allowing a large amount of calcium to be utilized. These results indicate that bacteria within Firmicutes participate in the digestion of various nutritional substances and the improvement of host health. The heatmap of taxonomic composition at the genus level show that supplementation with B. subtilis CGMCC 1.921 increased the abundance of Lactobacillus while decreased the abundance of Clostridium sensu stricto 1 and Campylobacter. Forte et al. (2016) reported that the probiotic (Lactobacillus acidophilus and Bacillus subtilis) supplementation affects the intestinal microbial population, promoting the presence of beneficial bacteria, such as Lactobacillus spp. and reducing potential harmful bacteria such as clostridia, E. coli and staphylococci. Rawski et al. (2016) also demonstrated using fluorescent in situ hybridization that dietary supplementation with multiple-strain probiotics reduces the number of Campylobacter spp., Enterobacteriaceae, and Clostridium perfringens in the large intestine digesta. Some Clostridium can produce alphatoxin and have been associated with development of necrotizing enterocolitis (Heida et al., 2016) . Therefore, the reduction of pathogenic bacteria may contribute to maintaining the normal function of intestinal tract to improve production performance.
Metabolism of xenobiotics by cytochrome P450, starch and sucrose metabolism, and galactose metabolism involved in energy and carbohydrate metabolism pathways were significantly enriched. Carbohydrates are the major dietary sources of energy for humans and animals. Glycolysis supplies energy to the body. Significant upregulation of glycolysis-genes, such as ALDOB, G6PC, ALDH3A2, and ADH1C, was observed in the intestinal mucosa of hens fed with B. subtilis CGMCC 1.921-supplemented diets, which may provide additional energy for production. Downregulation of PYGB, PGM5, and HK1 weakened glycogenolysis, and upregulation of FBP1 and GYS2 enhanced glycogen synthesis, which increased energy storage. EI-Haroun et al. (2006) observed higher energy retention in the treatment receiving probiotics than in the control diet. The lactase subunit is the only known β-galactosidase with the capability to degrade lactose into glucose and galactose (Montgomery et al., 1991) . SI and MGAM are found in the brush border membrane of the intestinal epithelial cells (Semenza, 1986) . SI displays isomaltase activity and maltase activity which can cope with isomaltose that may be produced in the starch digestive process. Upregulation of SI, MGAM, and LCT could improve digestibility for carbohydrate to decrease feed:egg ratio.
PPARs play an essential role in various physiological and pathological processes, especially in energy metabolism. Reiff et al. (2009) demonstrated that genes associated with lipid and PPAR signaling pathways are upregulated in interleukin 10 knockout mice orally administered with probiotics, thereby alleviating inflammation. Zhou et al. (2016) proved that B. licheniformis increases the expression of fatty acid catabolismrelated genes (CPT-1, ACOX1) and enhances fatty acid β-oxidation. In the study, genes (ACOX1, ACOX2, and CPT2) related to PPAR signaling pathways including fatty acid oxidation were upregulated, which implied dietary inclusion of B. subtilis CGMCC1.921-enhanced lipid metabolism and increased energy. In addition, glycine/serine/threonine metabolism was significantly enriched, which could provide several intermediate metabolites for the body. Amino acids are the building blocks of proteins or polypeptides and display many major functions in nutrition and metabolism. For example, serine is involved in gluconeogenesis (Wu, 2009) . With the action of SDSL, serine is converted in pyruvate which is the common metabolite of glycine, serine, and threonine. Pyruvate is involved in gluconeogenesis and in the tricarboxylic acid cycle for energy production.
The DEGs in the cellular component participate in brush border. Plastin 1 (PLS1) is present in several distinct structures in different cell types, including intestinal microvilli. In addition, plastin 1 is important in brush border assembly (Grimm-Günter et al., 2009) . ANKS4B is found at the tips of brush border microvilli (Crawley et al., 2016) . demonstrated that ANKS4B plays an essential role in stabilizing the brush border microvilli tip-link complex. Therefore, upregulation of PLS1 and ANKS4B has a beneficial effect on the morphostructure of microvilli functioning in nutrient absorption. In addition, adequate phosphate homeostasis is critical for various functions, including bone mineralization and energy metabolism. Phosphate balance is critical in intestinal absorption and renal elimination. Moreover, the Na + -coupled electrogenic phosphate transporter NaPi IIb (SLC34A2) plays an important role in the intestinal absorption of phosphate (Shojaiefard and Lang, 2006) . Glucose is the main energetic material of organisms, and SLC2A2 (GLUT2) is a member of the glucose-transporter family. Upregulation of SLC2A2 may promote intestinal glucose absorption. Awad et al. (2008) found that dietary inclusion of Lactobacillus sp. increases the glucose transport of jejunal mucosa of broilers, by the Ussing chamber technique, and protects the host against the negative effects of deoxynivalenol on intestinal glucose absorption.
In the present study, several DEGs were related to carbohydrate and energy, lipid and protein and amino acid metabolism. The upregulation of genes involved in the PPAR signaling pathway, metabolism of xenobiotics by cytochrome P450, starch and sucrose metabolism, galactose metabolism, and glycine/serine/threonine metabolism may enhance gut digestion and nutrient absorption. Luo et al. (2013) also proved through quantitative proteomic analysis that proteins associated with protein and amino acid metabolism are upregulated in the intestinal mucosa of broilers treated with E. faecium. Moreover, KEGG analysis revealed that differentially expressed proteins are significantly enriched in glycolysis/gluconeogenesis and arginine/proline/histidine/β-alanine metabolism. Furthermore, the addition of Bacillus sp. improves the apparent ileal digestibility coefficient for starch, crude protein, and amino acid, indicating that Bacillus sp. increases the digestibility (Murugesan et al., 2014) . This result implies that probiotics improve feed efficiency.
This study demonstrated that supplementation with B. subtilis CGMCC 1.921 improved feed efficiency and increased cecum microbial diversity. It also modulated cecal microflora by enhancing the relative abundance of Alistipes, Subdoligranulum, Ruminococcaceae UCG-014, Anaerotruncus, Ruminiclostridium 5, Ruminococcaceae UCG-010, Erysipelatoclostridium, Ruminococcaceae UCG-009, Family XIII AD3011 group, Bacillus, Faecalicoccus, Firmicutes bacterium CAG822, Oxalobacter, Dielma, and Lactobacillus and reduced the proportion of Campylobacter and Clostridium sensu stricto 1. In the ileal mucosa of hens fed with diets supplemented with B. subtilis CGMCC 1.921, differential genes involved in carbohydrate/lipid/protein metabolism indicate that the enhancement of nutrient digestion and absorption is related to metabolic changes in the intestine, which affects PPAR signaling pathway, starch and sucrose metabolism, glycine/serine/threonine metabolism, and galactose metabolism. These findings can provide a new insight into the mechanism by which feeding B. subtilis improves production at the level of the gut flora and transcriptome.
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